A Simultaneous Non-contrast Angiography and intraPlaque hemorrhage (SNAP) MR imaging technique was proposed to detect both luminal stenosis and hemorrhage in atherosclerosis patients in a single scan. 13 patients with diagnosed carotid atherosclerotic plaque were recruited after informed consent.
Introduction
Luminal stenosis remains the current clinical standard for evaluating stroke risk due to carotid disease (1). Although contrast-enhanced MR angiography (MRA) has been shown to provide highly accurate stenosis measurements in carotid artery disease (2) , the risk of triggering nephrogenic systemic fibrosis (3) in patients with impaired renal function, limits the application of contrast-enhanced MRA in clinical environments. Additionally, the requirement of acquiring images within the first-pass timeframe also limits the spatial resolution and signal-tonoise ratio (SNR) that can be achieved by such techniques. To overcome these issues, there have been clinical interests in using non-contrast enhanced MRA techniques as alternative approaches for luminal stenosis measurements (4-7).
Intraplaque hemorrhage (IPH) identified in the atherosclerotic plaque is also strongly associated with increased risks of clinical events (8) (9) (10) as well as plaque progression (11) (12) . IPH has also been suggested to be a potentially important factor in surgical planning (13) . A number of MR imaging techniques have been developed to detect IPH in atherosclerotic plaques (14) (15) (16) . All take advantage of the short T1 relaxation times of IPH components, which lead to hyperintensities on T1-weighted images. Among several of the options, the magnetization-prepared rapid acquisition gradient echo (MP-RAGE) technique was recently found to have the highest sensitivity and specificity (17) .
Given the established clinical importance of stenosis and the emerging interests in detecting IPH in patients at high risk of developing stroke, an efficient means for the assessment of both stenosis and IPH is desirable. The current MRA techniques cannot effectively visualize the vessel wall components; as a consequence, IPH information must now be separately acquired, at the expense of extra scanning time and with additional challenges arising from the need for image registration. These added technical challenges are substantial impediments to the integration of IPH imaging with MRA for carotid atherosclerosis evaluations.
In this manuscript, we propose a Simultaneous Non-contrast Angiography and intraPlaque hemorrhage (SNAP) imaging technique that allows both MRA and IPH evaluations in the same acquisition. The SNAP technique is based on the previously reported Slab-selective Phase-sensitive Inversion-Recovery (SPI) sequence (18) . Taking advantage of the phase-sensitive reconstruction (19) 
Materials and Methods

Pulse sequence and optimization
The pulse sequence of SNAP is shown in Fig. 1 -each arrow represents a gradient echo acquisition with flip angle (FA) of α or 5°. 5° is the default value specified by the scanner for phase sensitive reconstruction acquisition. A linear k-space filling scheme was used so that the central α pulse of the pulse train corresponded to the inversion time (TI) when the center of k-space was acquired.
Further details are given in Fig.1 .
Assuming the magnetization of static tissue before each IR has already reached its steady state M ss , the magnetization before the first α pulse will be,
Right before the j th (j>1) α pulse, the signal will be,
Where E 1 =exp(-TR/T 1 ). Assume that the (N+1) th RF pulse corresponds to the TI time, because the linear k-space filling scheme is used, there will be 2N+1 α pulses and 2N+1 low FA (5° here) reference pulses. For simplicity reasons, 5°
will be used throughout the following analysis although other values may also be used. The signal level before the first 5º RF pulse will be,
Where PS indicates the time when the low flip angle pulse train starts. The corresponding relaxation can be given as: E g =exp(-(T ex +T gap )/T 1 ). The signal before the j th (j>1) 5º RF pulse will be,
, at the selected inversion time (TI), the signal level for IPH, vessel wall and blood can be written as, Eq. [6] , the signal level of static tissue components, IPH and wall, can be computed. Since the imaging parameters were optimized to make sure only fresh blood is imaged, the blood signal can also be calculated using Eq. [6] by simply setting the M z = 1 before each IR.
The aim of the optimization was to select proper TI and flip angle α to maximize IPH-wall and wall-lumen contrasts at the same time. The following equation was used as the aim of the optimization, with diagnosed carotid atherosclerotic plaque were recruited after informed consent. One subject also underwent endarterectomy operation after the MR imaging.
All MR scans were performed on the 3T whole body scanner (Philips Achieva, R2.6.1, the Netherlands) using an 8-channel carotid coil (22) . Besides the SNAP technique, traditional 2D TOF and MP-RAGE images were also acquired. 2D
TOF, rather than its 3D counterparts, were selected because of its smaller in-flow volume (single slice vs. whole volume), which makes the images less susceptible to flow artifacts. The imaging parameters of the MP-RAGE sequence were optimized for 3T, as previously reported (16); the optimal FA and TI values identified in the simulation were used. The detailed imaging parameters of all the sequences are listed in Table 1 .
Once the images were acquired, the MP-RAGE images were automatically zeropadded in the slice direction to achieve 1mm slice thickness; SNAP images with a natural 0.8×0.8×0.8mm 3 resolution were also zero-padded in all three directions to achieve 0.4×0.4×0. 
Histology
For the one subject who underwent endarterectomy, the carotid plaque was removed with a special technique which leaves the lumen surface intact. The specimen was: fixed in 10% neutral buffered formalin; decalcified; processed;
and then embedded en bloc in paraffin. Sections were collected at 1.0 mm intervals throughout the length of the plaque. After routine H&E and special
Mallory's trichrome staining for hemorrhage detection, histology sections were matched to MR images using the bifurcation, lumen size and shape, as landmarks.
Lesion detection accuracy evaluation
To facilitate evaluation of the luminal area measurement accuracy, MRA were created out of SNAP and reformatted to 2mm axial slices with the original inplane resolution. During the image review, the reformatted SNAP images were first matched with the TOF images using the carotid artery bifurcation as a reference. On images more distal to bifurcation, internal carotid arteries were evaluated. Then the lumen areas on all matched locations from both sequences were separately delineated by a reviewer blinded to the image type, on a sliceby-slice basis.
To compare slice based IPH detection accuracy, only arteries with IPH identified on either of the sequences were included to avoid the inflation of detection accuracy by large amount of IPH-negative slices. SNAP images were reformatted to 1mm thickness to match the MP-RAGE image. After registration, the existence of IPH was separately identified on both MP-RAGE and reformatted SNAP images on a slice-by-slice basis by a reviewer blinded to the image type.
Statistical Analysis
The agreement between the lumen area measurements derived from both MR techniques was summarized using the intraclass correlation coefficient (ICC), which was estimated using linear mixed models (23) . A 95% confidence interval was computed using the parametric bootstrap and the percentile method (24) . In addition, the lumen measurements were compared and summarized numerically and graphically using the methods of Bland and Altman with some modifications using LMMs to account for correlation between slices from the same artery and subject (23, 25) .
All LMMs had random intercepts for each subject and each artery within subject.
Furthermore, since it was anticipated that the correlation between slices of the same artery would vary depending on the distance between slices, several autocorrelation structures were explored. Specifically, all four parameter autoregressive moving average (ARMA) correlation structures were examined and the best fit was selected using the AIC criterion (26) . This selection was done separately for each model.
Using only the arteries where IPH was detected, Cohen's Kappa (κ) was used to summarize the slice-based agreement between SNAP and MP-RAGE for IPH detection. A 95% confidence interval for κ was computed using a non-parametric bootstrap which resampled arteries and the percentile method (17) . A generalized linear mixed model (GLMM) with random intercepts per artery and per location within artery was utilized to test whether IPH was more likely to be detected using SNAP or TOF.
All statistical calculations were conducted using R 2. Linear mixed-effects models using S4 classes. R package version 0.999375-34.).
Results
Pulse sequence optimization and contrast
As shown in Fig. 3(a) , TI=500ms and FA=11º were found to provide the highest combined IPH and lumen contrast among all imaging parameters. These values were selected as the optimal values in the following scans. As detailed in panel (b), it can be seen that when the optimized values were used, lumen signal remains negative and IPH presents strong positive signal.
With the optimized imaging parameters, the thickness of the inversion slab can also be determined to help achieve robust blood suppression. Knowing that 95%
of the patients with luminal stenosis have flow velocity between 16-45 cm/s (27) and the IRTR of 1970ms, these numbers were used for sequence optimization.
Using the criteria established before (18) , to ensure a region of 160mm in the FH direction free of flow artifacts, the IR slab thickness was determined as 62cm.
With the optimized parameters, the theoretical values of both the IPH-wall and wall-lumen contrasts were improved by the optimized SNAP design. In terms of 
In vivo MR scan
In vivo scans for all 13 subjects confirmed the expected contrast relationships. (Fig.5d ).
Lumen measurement accuracy evaluation
For the MRA evaluation on all 26 arteries imaged, 10 slices above and below the bifurcation including the slice on the bifurcation (21 slices in total) for each artery were included. Out of the total 546 locations, 43 were excluded due to insufficient coil sensitivity (32 locations) or insufficient coverage on TOF (11 locations).
Very good correlation was found between SNAP and TOF on lumen area measurements (ICC=0.96, 95% CI: 0.94 -0.97), indicating a high level of consistency between the two techniques (Fig.6) . The average lumen size obtained from SNAP, however, was found to be larger than the one from TOF When compared to in-flow based, non-contrast enhanced MRA techniques such as TOF, SNAP images are less susceptible to artifacts caused by slow flow. On one hand, inflowing blood over the entire period between two successive IR pulses, a period of 1.97 sec in this implementation, will maintain almost the entire equilibrium magnetization; on the other hand, SNAP possesses a much longer in-flow time (~500ms (TI)) for blood to be replenished before image acquisition.
As a comparison, the short in-flow time of TOF (~10-20ms) significantly limits the accuracy for imaging slow-flow regions, especially in large-volume scans. In this study, the lumen size by SNAP was found to be slightly larger than the ones from TOF. For a given TOF measurement, the corresponding SNAP measurement was on average 3.4% larger. As shown in the corresponding Bland-Altman plot (Fig. 7a) , after removing the multiplicative bias, the limits of agreement were ± 10.4 mm 2 . This is also exemplified by a sample image (Fig.7b) , where the lumen is completely missed by TOF image, but successfully identified by SNAP. The long inflow time of SNAP also accounts for its apparent ability to visualize ulcers in the plaque surface. Ulcers are another high-risk feature of atherosclerosis disease (28) . Their detection can be challenging for non-contrast enhanced MRA techniques due to the complicated flow patterns around the ulceration.
In terms of IPH detection, SNAP also provides higher IPH-wall contrast when compared to the existing IPH detection methods. As discussed in a previous study (18) The current implementation of SNAP is also limited by the coverage of the coil. In the present study, the coverage in FH direction was limited to 160mm mainly because of the coil sensitivity drop-off at the peripheral area of the coil. Using a better and more appropriate coil, the coverage of SNAP can be potentially improved, for both carotid and other vascular beds.
In conclusion, a Simultaneous Non-contrast Angiography and intraPlaque hemorrhage (SNAP) imaging technique was proposed and validated to image both luminal stenosis and intraplaque hemorrhage in carotid atherosclerosis patients with a single scan. With its large coverage, high resolution and other advantages, SNAP has the potential to become the first-line imaging method for atherosclerosis patients in a clinical environment. Tables   Table 1 In vivo IRTR is the duration between the two consecutive IRs. 
